The stability and activity of tumor suppressor p53 are tightly regulated and partially depend on the p53 proline-rich domain (PRD). We recently analyzed mice expressing p53 with a deletion of the PRD (p53 ⌬P ). p53
The stability and activity of tumor suppressor p53 are tightly regulated and partially depend on the p53 proline-rich domain (PRD). We recently analyzed mice expressing p53 with a deletion of the PRD (p53 ⌬P ). p53
⌬P , a weak transactivator hypersensitive to Mdm2-mediated degradation, is unable to suppress oncogeneinduced tumors. This phenotype could result from the loss of two motifs: Pin1 sites proposed to influence p53 stabilization and PXXP motifs proposed to mediate protein interactions. We investigated the importance of these motifs by generating mice encoding point mutations in the PRD. p53
TTAA contains mutations suppressing all putative Pin1 sites in the PRD, while p53 AXXA lacks PXXP motifs but retains one intact Pin1 site. Both mutant proteins accumulated in response to DNA damage, although the accumulation of p53 TTAA was partially impaired. Importantly, p53
TTAA and p53 AXXA are efficient transactivators and potent suppressors of oncogeneinduced tumors. Thus, Pin1 sites in the PRD may modulate p53 stability but do not significantly affect function. In addition, PXXP motifs are not essential, but structure dictated by the presence of prolines, PXXXXP motifs that may mediate protein interactions, and/or the length of this region appears to be functionally significant. These results may explain why the sequence of the p53 PRD is so variable in evolution.
p53 is a transcription factor that is very unstable and present at low levels in the absence of stress. Various types of DNA damage, overexpressed activated oncogenes, and other stresses stabilize and activate p53 to induce the transcription of numerous target genes involved in cell cycle arrest, apoptosis, DNA repair, and other programs (14) . p53 has been reported to induce apoptosis through transcription-independent mechanisms (12) by processes that appear to be modulated by-products generated by p53 transactivation (6) . Together, p53-mediated stress responses ensure cell cycle entry and progression of only those cells with intact genomes and normally functioning growth control programs.
The p53 proline-rich domain (PRD) contributes to the regulation of p53 stability, transactivation ability, and induction of transcription-independent apoptosis. This domain was first identified by Walker and Levine as a region enriched in prolines and containing several repeats of the amino acid motif PXXP (where P indicates proline and X indicates any amino acid) (31) (Fig. 1A) . This region could be significant for p53 regulation since PXXP motifs create binding sites for Src homology 3 (SH3) domain-containing proteins and can modulate signal transduction (16) . For example, the p53 PXXP motifs may contribute to interactions with the transcription coactivator p300 (9) . Furthermore, the prolyl isomerase Pin1 was proposed to affect proline conformational changes that may reduce Mdm2 binding and enable p53 accumulation (34, 36, 37) . Pin1 specifically binds sites consisting of a phosphorylated serine or threonine residue preceding a proline (pS/T-P) (35) ; several such sites exist in p53, but the Thr81-Pro82 site in the PRD was recently found to exert a predominant role in regulating p53 stability (2) . This is consistent with previous evidence that the PRD modulates Mdm2 binding (3, 10) . The functional importance of the PRD is also suggested by transfection studies using a p53 PRD deletion (p53 ⌬P ) showing that the PRD is dispensable for the cell cycle arrest response (25, 30, 38) but is essential for apoptosis (1, 7, 24, 25, 30, 38 ; for an exception, see reference 11).
We used homologous recombination to generate mice that encode p53 lacking the PRD (28) . Consistent with transfection studies, endogenous mouse p53
⌬P was more sensitive to Mdm2-mediated degradation than was wild-type (WT) p53 (p53 WT ). However, in contrast to transfection analyses, p53
⌬P/⌬P cells did not undergo DNA damage-induced cell cycle arrest but did elicit apoptotic responses that were generally compromised relative to wild-type cells. We suggested that the differences between in vivo and transfection analyses of this and other mouse mutants (4, 5, 15, 17, 26) are likely derived from the inability of transfection approaches to enable the expression of mutant proteins at physiologically relevant levels (28, 29) . Our study left open the important question of whether deleting the PRD generated the observed phenotype due to the loss of important functional motifs, such as PXXP motifs or Pin1 binding sites, or by generating a substantial structural alteration. This report answers this question through the generation of two additional mutant mouse strains with point mutations in the p53 PRD. One mouse strain encodes p53 TTAA , in which threonines 76 and 86 were mutated to alanines to remove putative Pin1 binding sites. The second mouse strain encodes p53 AXXA , a p53 in which four prolines were mutated into alanines, to remove all PXXP motifs from the PRD.
MATERIALS AND METHODS
Targeting constructs. To make the AXXA mutation, a 0.7-kb XhoI-XbaI fragment containing part of exon 4 was subcloned into pBluescript KSII (Stratagene) for PCR mutagenesis (QuickChange site-directed mutagenesis kit). Two rounds of mutagenesis were required to introduce the mutation of four prolines into alanines. The first round, with primers 5Ј-ACCGAGACCCCTGGGGCAG TGGCCGCTGCCCCAGCCACTC-3Ј and 5Ј-GAGTGGCTGGGGCAGCGGC CACTGCCCCAGGGGTCTCGGT-3Ј, mutated Pro79 and Pro82. The second round, with primers 5Ј-GGCCGCTGCCGCAGCCACTGCATGGCCCCTG-3Ј and 5Ј-CAGGGGCCATGCAGTGGCTGCGGCAGCGGCC-3Ј, mutated Pro84 and Pro87 and introduced a BstBI site. To make the TTAA mutation, the 0.7-kb XhoI-XbaI fragment was mutated first with primers 5Ј-GACCCTGTCACCGAGG CGCCTGGGCCAGTGGCC-3Ј and 5Ј-GGCCACTGGCCCAGGCGCCTCGGT GACAGGGTC-3Ј, which mutated Thr76 into Ala and added a HinP1I restriction site, and then with primers 5Ј-CCTGCCCCAGCCGCTCCATGGCCCC-3Ј and 5Ј-GGGGCCATGGAGCGGCTGGGGCAGG-3Ј, which mutated Thr86 into Ala. Targeting constructs were assembled in pSP72N (Promega), and the sequences of exons and intron-exon junctions were verified by prior targeting.
Targeting/genotyping. PrmCre 129/SvJae embryonic stem (ES) cells were electroporated with targeting constructs linearized with NotI. We screened G418-and ganciclovir-resistant colonies for the presence of the EcoRI restriction site within the Neo cassette using Southern blot hybridization of EcoRI-digested DNA with a 600-bp fragment from intron 9 (external to the targeting construct) as a probe. The presence of the mutation was confirmed independently by PCR amplification using primers flanking exon 4 and digestion with BstBI or HinP1I, depending on the mutation. ES cells with the targeted mutations were injected into blastocysts, which were then implanted into pseudopregnant females. Germ line transmission was verified by genotyping mouse embryonic fibroblasts (MEFs) from breedings of chimeras with p53 ϩ/Ϫ mice. RNAs isolated from p53 AXXA/Ϫ and p53 TTAA/Ϫ MEFs were sequenced to verify that their sequences (available upon request) were identical to that of p53 WT except for the desired mutations.
Cells and reagents. Primary MEFs were isolated from 13.5-day-old embryos, genotyped, and cultured, unless noted otherwise, for a maximum of four passages in Dulbecco's modified Eagle's medium with 15% fetal bovine serum, 2-mercaptoethanol (100 M), L-glutamine (2 mM), and antibiotics. Cells were irradiated at room temperature with a 60 Co ␥-irradiator or treated overnight with adriamycin (ADR) (Sigma) at 0.25, 0.5, or 1 g/ml.
Glutathione S-transferase pull-down and Western blots. Glutathione S-transferase pull-down experiments were performed essentially as described previously (36, 37) ; cells were treated for 14 h with 10 M nutlin or UV irradiated with 20 J⅐m Ϫ2 14 h before cell lysates were prepared. In the case of phosphatase treatment, samples were treated for 30 min at 30°C with 7 U l Ϫ1 of Lambda protein phosphatase (New England Biolabs). Protein lysates were prepared and analyzed on sodium dodecyl sulfate-polyacrylamide gels as described previously (28) . Blots were probed with primary antibodies against p53 (CM-5), p53 phospho-Ser18 (Cell Signaling Technologies), MDM2 (2A10), p21 (C-19; Santa Cruz), and ␣-actin (Sigma). Peroxidase-conjugated secondary antibodies were detected using Pierce Supersignal West Pico chemiluminescent substrate.
FIG. 1. Targeting of the p53
AXXA and p53 TTAA mutations at the mouse p53 locus. (A) Murine p53 is a protein of 390 amino acids with five proposed domains: the transactivation domain (TAD), prolinerich domain (PRD), specific DNA binding domain (DBD), tetramerization domain (4D), and C-terminal regulatory domain (CT). Below are comparisons of amino acid residues 67 to 95 of WT murine p53 and of the p53 ⌬P , p53 AXXA , and p53 TTAA mutants. Prolines (P) are shown in boldface type, PXXP motifs are underlined in red, and putative Pin1 sites are in green. (B) Strategy for targeting the mutations in ES cells. The 11 exons of WT p53 are contained in a 17-kb-long EcoRI fragment. The targeting constructs (below) were in four parts: the 5Ј homology region (exons 1 to 6) (4* designates the mutated exon), the floxed Neo gene (LNeoL), the 3Ј homology region (exons 7 to 9), and the thymidine kinase gene (TK). Targeted recombinants are G418 and ganciclovir resistant. They result from a double crossover as described in the text. Recombinants are detected by Southern blotting with the indicated probe containing a shorter 9-kb band. Cre expression in the male germ line subsequently allows the excision of Neo. ϩ/TTAA mice. Primers flanking exon 4 were used for PCR, and amplified products were then digested by HinP1I, as the TTAA mutation introduces a HinP1I site that is absent from the WT sequence.
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Quantitative PCR. Total RNA was extracted using an RNeasy mini kit (QIAGEN) and reverse transcribed using Superscript III RT (Invitrogen). Realtime quantitative PCR was performed using an ABI PRISM 7700 sequence detection system with Platinum SYBR Green Mastermix as described previously (28) . Primer sequences for quantification are available upon request.
Retrovirus preparation and infection of MEFs. Cells were infected with the pWZL-E1A12S virus or were sequentially infected with the pWZL-E1A12S-and the pBABE-HrasV12-containing viruses as previously described (28) .
Flow cytometry. For cell cycle analyses, log-phase cells were irradiated with 6 or 12 Gy ␥-irradiation and incubated for 24 h. Cells were then pulse-labeled for 1 h with bromodeoxyuridine (10 M); fixed in 70% ethanol; double stained with fluorescein isothiocyanate (FITC), antibromodeoxyuridine, and propidium iodide; and then analyzed using a FACScan apparatus. Apoptosis assays were performed either on E1A-expressing MEFs that were treated for 24 h with 0, 0.25, 0.5, and 1 g/ml adriamycin or on thymocytes from mice that were treated 6 h earlier with 0 or 10 Gy whole-body ␥-irradiation. In both assays, harvested cells were stained with annexin V-FITC and analyzed using FACScan.
Tumorigenicity. We injected 5 ϫ 10 6 E1A-and Ras-expressing MEFs (E1AϩRas MEFs) subcutaneously into the rear flanks of 6-week-old female athymic nude mice. After 15 days, mice were sacrificed, and tumors were isolated and weighed.
Protein sequence analysis. The GenBank accession numbers of analyzed sequences are as follows: NM_000546, XP_511957, U48956, X16384, X90592, CAI52016, NP_112251, U48616, U50395, U07182, U43902, AJ001022, AJ009673, NM_001009294, NP_001003210, NP_999310, CAA57348, U74486, D49825, and NM_001009403.
RESULTS

Targeting point mutations in the PRD using homologous recombination. The p53
⌬P mutation that we generated deleted residues 75 to 91, thereby removing six prolines and all PXXP motifs and putative Pin1 sites of the mouse PRD (28) (Fig.  1A) . We next generated an AXXA mutation, which changed prolines 79, 82, 84, and 87 into alanines, thus mutating both PXXP motifs but leaving one putative Pin1 site intact. We also generated a TTAA mutation, which consisted of the mutation of threonines 76 and 86 into alanines, thereby preserving both PXXP motifs while eliminating both putative Pin1 sites (Fig.  1A) . Importantly, Thr76 and Thr86 can be phosphorylated by mitogen-activated protein kinases (22) , which could convert Thr76-Pro77 and Thr86-Pro87 into bona fide putative Pin1 sites.
We used homologous recombination to introduce the desired mutations into the endogenous Trp53 locus as described previously (28) . The targeting constructs had similar structures, with a mutated exon 4 and a neo gene flanked by loxP sites (Fig. 1B) . The ES cells used for targeting contain PrmCre, a Cre recombinase transgene controlled by the protamine promoter to enable Cre expression specifically in spermatocytes (23) . Targeted recombinants were identified by Southern blotting ( Fig. 1C and D) , confirmed by PCR (not shown), and injected into blastocysts to generate chimeric mice. Due to the expression of PrmCre, the loxP-flanked selectable marker was excised when passed through the male germ line (Fig. 1B) . PCR using primers flanking exon 4 and specific restriction enzymes were used to demonstrate germ line transmission of the mutations (Fig. 1C and D ⌬P/⌬P cells, to more closely resemble those observed in WT cells ( Fig. 2A) . Note that p53
AXXA migrates faster than p53 WT , presumably due to proline substitutions. Importantly, p53
AXXA accumulation after stress appeared to be close to normal, but that of p53 TTAA was compromised, especially soon after irradiation ( Fig. 2A) . Since p53
AXXA retains one putative Pin1 site, but p53 TTAA has lost both, the data suggest that Pin1 sites in the PRD may affect the regulation of p53 stabilization after stress. Consistent with this, we observed a stabilization of p53 WT and p53 AXXA , but not p53 TTAA , in several independent half-life measurements within 2 h of irradiation (data not shown). Of note, however, p53
TTAA levels still increased 24 h after irradiation ( Fig. 2A) , suggesting that Pin1 sites in the PRD are not the only determinants of p53 stress-induced accumulation. Consistent with this, we observed the phosphorylation-dependent binding of Pin1 to p53 TTAA in UV-irradiated MEFs. These data imply that Pin1 sites outside the PRD can mediate Pin1 binding, even in the absence of the Pin1 sites normally present in the PRD. One inference from these data is that Pin1 sites within the PRD are not essential for Pin1-p53 interactions (see Fig. S1 in the supplemental material).
To further investigate the accumulation defect in of the p53 TTAA mutant, we next analyzed cells incubated for 24 h with ADR, which, unlike irradiation, represents a continuous stress. Consistent with a partial defect in p53 TTAA stress-induced accumulation, we observed that p53 TTAA accumulated after ADR treatment but less than p53 WT or p53 AXXA (Fig. 2B) . Importantly, however, the transcriptional capacity of p53 WT , p53 TTAA , and p53 AXXA again appeared to be similar, since all ADR-treated MEFs expressed high levels of Mdm2 and p21 (Fig. 2B) .
The results described above suggest that unlike p53 ⌬P , p53 AXXA and p53 TTAA are efficient transactivators of the Mdm2 and p21 genes. We tested this directly by quantifying Mdm2 and p21 mRNA levels in WT, p53 ⌬P/⌬P , p53 AXXA/AXXA , and p53 TTAA/TTAA MEFs before and after irradiation (Fig. 2C) WT . Consistent with this, p53 ⌬P/⌬P MEFs proliferate at a faster rate than WT MEFs, most likely due to their reduced p21 levels (28) . By contrast, at all passages, the growth kinetics of p53 AXXA/AXXA and p53 TTAA/TTAA MEFs were more similar to that of WT MEFs and were considerably slower than that of p53 ⌬P/⌬P MEFs (Fig. 3A) . These data show that removing both PXXP motifs or eliminating both putative Pin1 sites has little if any effect on proliferation rate. p53 TTAA and p53 AXXA exhibit normal cell cycle arrest and apoptotic responses. We next investigated the consequences of the p53 AXXA and p53 TTAA mutations on the cell cycle arrest response. While p53 Ϫ/Ϫ and p53 ⌬P/⌬P MEFs failed to arrest after either 6 Gy or 12 Gy irradiation, both irradiation doses led to similar significant arrest responses in WT, p53 AXXA/AXXA , and p53 TTAA/TTAA MEFs (Fig. 3B ). However, it remains possible that the arrest response is slightly less efficient in p53 AXXA/AXXA MEFs. Nevertheless, the ability of both p53
AXXA/AXXA and p53 TTAA/TTAA MEFs to arrest following irradiation indicates that neither the PXXP nor the Pin1 motifs of the PRD are required for cell cycle arrest. We then determined whether the AXXA and TTAA mutations affect the apoptotic response. MEFs prepared from WT, p53 Ϫ/Ϫ , p53 ⌬P/⌬P , p53 AXXA/AXXA , and p53 TTAA/TTAA mice were infected with a retrovirus expressing the E1A gene (18) , and their apoptotic responses to ADR were compared. Consistent with our previous analysis (28), a low dose of adriamycin (0.25 g/ml) induced apoptosis in 60% of WT cells, while most (ca. 85%) p53
⌬P/⌬P cells exhibited no apoptosis. However, at higher doses (0.5 and 1 g/ml), the fraction of apoptotic p53
⌬P/⌬P cells increased to close to WT levels, while few p53 Ϫ/Ϫ cells underwent apoptosis (Fig. 3C) . At all ADR doses, WT, p53 AXXA/AXXA , and p53 TTAA/TTAA genotypes did not differ significantly in apoptosis induction (Fig. 3C) . This suggests that the AXXA and TTAA mutations have very little, if any, effect on the apoptotic response. We analyzed the apoptotic response in thymocytes of irradiated mice to further investigate apoptosis in a more relevant in vivo setting. Ten grays of wholebody ␥-irradiation of WT mice induced apoptosis in about onethird of thymocytes (Fig. 3D ). Under these conditions, the apoptotic response in p53 ⌬P/⌬P thymocytes was barely detectable. In contrast, a clear apoptotic response was observed in the thymocytes from p53 AXXA/AXXA or p53 TTAA/TTAA mice (Fig. 3D) TTAA/TTAA mice were infected with retroviruses expressing the E1A and Ras oncogenes, and a constant number of E1AϩRas MEFs from the different genotypes was injected into the flanks of nude mice. Tumors were allowed to grow for 15 days, mice were then sacrificed, and tumor weights were determined (Fig.  4) . Under these conditions, no tumors were observed from injected E1AϩRas WT MEFs, whereas tumors of equivalent sizes were observed from injected E1AϩRas p53 Ϫ/Ϫ MEFs or E1AϩRas p53
⌬P/⌬P MEFs. However, p53 AXXA and p53 TTAA were both efficient suppressors of oncogene-induced tumors (Fig. 4) .
DISCUSSION
These studies used point mutations in the p53 PRD to investigate its role in p53 regulation. The TTAA mutation, which eliminates both putative Pin1 sites of the PRD, as well as two potential phosphorylation sites, may compromise p53 accumulation, but this did not measurably affect transactivation, cell proliferation rate, DNA damage responses, or tumor suppression. These results suggest a lack of concordance between the TTAA accumulation is partially impaired after adriamycin treatment. WT, p53
AXXA/AXXA , and p53 TTAA/TTAA MEFs were left untreated (Ϫ) or cultured for 24 h in a medium with 0.5 g/ml ADR, and protein extracts were immunoblotted as described above. (C) Unlike p53 ⌬P , p53 AXXA and p53 TTAA transactivate p21 and Mdm2 efficiently after irradiation. RNAs were prepared from MEFs treated as in A and quantified using real-time PCR. Results are from two independent experiments, each resulting from quantifications in triplicates. For each gene, results are expressed relative to mRNA levels in WT unstressed cells.
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regulation of p53 stability and its activity. Importantly, a similar lack of correlation was suggested by the p53 S23A mutant, which transactivates Mdm2 and p21 as efficiently as p53
WT after ␥-irradiation, despite its reduced accumulation (19) . The mechanisms underlying such a disconnect are presently unknown but further support the notion that p53 stability and activity are regulated in distinct ways, as recently proposed by two independent studies (13, 28) . In any case, the present results suggest that, similarly to what we recently found for C-terminal lysines (17) , the putative Pin1 sites in the PRD may fine-tune the p53 pathway but are dispensable for p53 functional outputs that have an impact on stress-activated growth control. To test this point further, we aligned the sequences from the 20 mammalian p53 PRDs that are currently available. Walker and Levine initially defined the PRD as the region homologous to residues 61 to 94 of human p53 by comparing , and p53 TTAA/TTAA mice were left untreated or submitted to 10 Gy of whole-body ␥-irradiation. Thymocytes were stained with annexin-FITC and analyzed by FACS analysis 6 h after irradiation. For each genotype, results are from four to eight mice analyzed.
VOL. 27, 2007 TARGETED MUTATIONS IN THE p53 PROLINE-RICH DOMAIN 1429 the sequences of human, monkey, mouse, rat, and chicken p53 (31) . We used the same criterion to compare the 20 mammalian PRDs. Consistent with our conclusion that Pin1 sites in the PRD are not essential for p53 function, we found that the p53 PRD from rabbit, guinea pig, dog, pig, and sheep are devoid of putative Pin1 sites (Fig. 5) . Together, the data indicate that Pin1 sites in the PRD may modulate p53 stabilization but are not essential for p53 activation and tumor suppression. Thus, we suggest that if Pin1 plays an important role in tumor suppression, it may do so by interacting with p53 at Pin1 sites outside of the PRD, such as S37 and S312 (a possibility supported by our observation that Pin1 still binds to the p53 TTAA mutant) (see Fig. S1 in the supplemental material) and/or by regulating other important target proteins such as c-Myc (33) . We also show that the AXXA mutation, which removed both PXXP sites and one Pin1 site of the PRD, did not significantly affect p53 accumulation, transactivation, cell proliferation, or the suppression of xenograft tumors and exhibited little if any effect on cell cycle control or apoptosis. The lower G 1 /S ratios (Fig. 3B) or a lower proportion of apoptotic thymocytes (Fig. 3D) may suggest a subtle effect of the AXXA mutation, but differences were barely significant in the former case and not statistically significant in the latter case. Therefore, any potential differences are very modest, and the AXXA mutation clearly does not recapitulate the phenotype observed with p53 ⌬P . We conclude that although PXXP motifs of the PRD may play some role in the regulation of p53, they are not essential for p53 tumor suppressor functions, like Pin1 sites. Again, the sequence comparison of 20 mammalian PRDs supports this conclusion, since we found that all tested regions are enriched in prolines (18 to 35% of all residues), but the number and positions of PXXP are extremely variable, and the p53 PRD from guinea pig is devoid of any PXXP motif (Fig. 5) . Transfection studies suggested that PXXP motifs are required for efficient interactions with p300 (9), but our present data do not support this conclusion. Rather, our results and the sequence comparison of mammalian PRDs suggest two nonexclusive possibilities that may explain the differences between the p53 AXXA and p53 ⌬P mutants. First, although PXXP was first described as the core peptide ligand motif for SH3 domains, evidence from several proteins later suggested that ligands to SH3 are enriched in prolines but may rely on variable peptide sequences (16) . This suggests that protein-protein interactions at the p53 PRD in guinea pig, which cannot occur through PXXP motifs, could actually occur through multiple PXXXXP motifs (Fig. 5) . In support of a biological role of PXXXXP motifs, when a phage-displayed library encoding peptides of the form X 6 PXXPX 6 was used to identify ligands to SH3 domains, 72 of the 99 ligands contained a PXXXXP motif (8, 27) . Interestingly, our mutant mouse p53 AXXA has lost both its PXXP motifs but retains two PXXXXP motifs (at residues 67 to 72 and 72 to 77) (Fig. 1A) , which could be sufficient to ensure protein-protein interactions. According to this hypothesis, p53
⌬P would be enfeebled because it retains only one PXXXXP motif (at residues 67 to 72), which would not be enough to ensure efficient protein interactions. Another possibility is that the proline-rich domain has a structural role. Although the structure of the p53 PRD has not been determined, it has been proposed that repeats of proline-rich sequences may be structured as stiff "elbow-hinged" peptide chains and that such a structure may be important to enable protein interactions (32) . In addition, the PRD could act as a spacer between the transactivation domain (which interacts with the transcription machinery, cofactors like p300, and in- hibitors like Mdm2 and Mdm4) and the DNA binding domain. In any case, the sequence of the PRD is not apparently constrained in evolution so that even multiple point mutations such as those in p53 AXXA would have little effect, particularly if the remaining prolines are sufficient to maintain a stiff structure. On the contrary, the p53 ⌬P mutant would have a dramatic effect because in this case, the spacer/stiff chain is shortened, which could change the p53 structure sufficiently to alter its ability to activate transcription and/or interact with other proteins.
Our results clearly show that PXXP motifs and Pin1 sites in the proline-rich domain are largely dispensable for p53 tumor suppressor functions and do not recapitulate the phenotype observed with their deletion. Our point mutations in PXXP motifs indicate that the proline-rich domain does not strictly rely on these peptide sequences, so alternate motifs like PXX XXP, or the maintenance of a proper structure, are more important. Furthermore, our mutation of putative Pin1 sites combined with other studies of mouse mutants that alter posttranslational modification sites in p53 suggest that such sites are not the on-off switches that enable diverse stresses to activate p53. Rather, consistent with other analyses, we postulate that the more critical regulatory targets in the p53 system are its negative regulators Mdm2 and Mdm4 (MdmX) and the various factors that control their abundance, stability, interactions with p53, and subcellular locations (13, 20, 28, 29) .
